Recent advances in mass spectrometry approaches to the analysis of lipids include the ability to incorporate both lipid class identification with lipid structural information for increased characterization capabilities. The detailed examination of lipids and their biosynthetic and biochemical pathways made possible by novel instrumental and bioinformatics approaches is advancing research in fundamental cellular and medical studies. Recently, high-throughput structural analysis has been demonstrated through the use of rapid gas-phase separation on the basis of the ion mobility (IM) analytical technique combined with mass spectrometry (IM-MS). While IM-MS has been extensively utilized in biochemical research for peptide, protein and small molecule analysis, the role of IM-MS in lipid research is still an active area of development. In this review of lipid-based IM-MS research, we begin with an overview of three contemporary IM techniques which show great promise in being applied towards the analysis of lipids. Fundamental concepts regarding the integration of IM-MS are reviewed with emphasis on the applications of IM-MS towards simplifying and enhancing complex biological sample analysis. Finally, several recent IM-MS lipid studies are highlighted and the future prospects of IM-MS for integrated omics studies and enhanced spatial profiling through imaging IM-MS are briefly described.
Section 1 -Introduction to Contemporary MS-Based Lipidomics
In the last decade, mass spectrometry (MS) has enabled the comprehensive characterization of the myriad lipid structures and their structure specific functions [1; 2; 3] , building upon prior fundamental lipid research [4; 5; 6; 7] . Lipidomics is still a relatively young discipline yet is quickly progressing through enhancements in the data acquisition [8] , bioinformatics [9] and systems biology approaches [10] which have paralleled the development of the other omics initiatives.
The discovery of the enormous diversity of lipid structures [11] created an ongoing analytical challenge that requires the adoption of selective separation strategies for the deconvolution of complex lipid MS data. The chief technological advances to date include: (i) tailored condensed phase separations coupled to MS [12] , (ii) tandem mass spectrometry strategies [13; 14] , (iii) standardized lipid nomenclature [15] , (iv) comprehensive lipid database construction [16] , (v) synthesis of lipid standards [17] and, (vi) integration of bioinformatics towards automation of data analysis [18; 19] . Collectively, these initiatives are advancing lipidomics towards absolute quantitation and systems biology integration [20; 21] . These advances target the key analytical challenges in lipid analysis. Firstly, the great majority of naturally occurring lipids signals occur over relatively narrow mass ranges and can often suffer from isobaric interferences (i.e., different lipids possessing the same nominal mass). Secondly, lipids present in high concentration partially or fully suppress the detection of numerous important low abundance lipids [22; 23] . Lastly, the identification of lipid signals from complex biological samples is often hindered by the detection of endogenous and exogenous chemical noise [24] .
An emerging technology which has only recently been applied in lipid analysis is ion mobility-mass spectrometry (IM-MS) [25; 26] . In this review, we introduce the basic concepts of ion mobility analysis and present the relevant capabilities and limitations of IM-MS as applied to lipid research. We focus our discussion on the current scope of IM-MS for the analysis of the major constituents of cellular membranes, phospholipids, and end with some highlights of future directions of IM-MS-based lipid research.
Section 2 -Ion Mobility and Ion Mobility-Mass Spectrometry

A General Overview of Ion Mobility
The term ion mobility when used in an analytical context, refers to the motion of free (gasphase) ions in the presence of gas collisions. Ion mobility (IM) spectrometry shares parallels with mass spectrometry (MS) in that an ionization source, a chamber and ion detector are required for both techniques. The fundamental difference is that while in mass spectrometry the measurement proceeds in the absence of gas collisions (i.e., in vacuum), the measurement of ion mobility occurs within a pressurized chamber typically held between 1 to 760 Torr [27] . Fundamentally, the mobility of an ion through a neutral gas is governed principally by the collision frequency between the ion and the gas. Thus, under ideal experimental conditions (e.g., constant gas number density at low energy), the mobility of an ion is related to the ion's physical size, i.e., the ion collision-cross section [28] . This means that simultaneous measurements of ion mass and ion mobility provide complementary information regarding the analyte. One primary advantage of ion mobility analysis lies in its ability to differentiate analytes which are isobaric in mass but differ in structure. Ion mobility has been successfully used to resolve many different structural isomers widely ranging in size such as leucine and isoleucine [29] , helical and extended peptides [30] , cistrans proline isomerization [31] , branching patterns in carbohydrates [32] , and the geometry of protein complexes up into the MDa range [33; 34] .
Contemporary Ion Mobility Analytical Techniques
Just as there are several MS techniques which have been developed to determine an ion's mass, the field of ion mobility analysis is comprised of several different analytical techniques. Four commonly used IM techniques are described in the following section, namely: (i) drift time, (ii) traveling wave, (iii) asymmetric field, and (iv) differential IM. Conceptual schemes of the basic operational principles of each of these techniques are provided in Figure 1 .
The most straightforward method of measuring the ion mobility is the drift time method in which the arrival time of a distribution of ions is recorded as it traverses a pressured chamber under the influence of a weak electric field (Figure 1a ). For reasons of ensuring analytical precision, the gas number density and electric field are kept static, and the drift distance of the ions is also well-defined. This drift time ion mobility (DTIM) method offers the highest precision measurements of ion mobility and thus has demonstrated very high analytical resolving power [35; 36] , but ion losses due to ion-gas diffusion can be high, and so the drift time method inherently suffers from low sensitivity. Because the arrival time of all ions is recorded during each measurement cycle, the DTIM method is useful when a broadband ion mobility spectrum is desired, such as in the analysis of complex biological samples.
The DTIM method suffers from two practical disadvantages which has limited its widespread use: low sensitivity (low ion transfer efficiency) and difficulty in coupling with commercial instrumentation. The latter shortcoming results from the necessary use of a constantly declining voltage across the drift region in order to draw the ions through the gas, which means that the front and back of the drift region are at a potential differential of up to several thousand volts. An alternate IM method which has been implemented commercially is the traveling wave ion mobility (TWIM) technique [37; 38] . TWIM is very similar to the DTIM, with the notable exception that TWIM uses a migrating low voltage pulse to push ions through the gas (Figure 1b) . This allows the front and back of the drift region to be at the same voltage, making it well-suited for integration into an existing commercial MS platform. The commercial implementation of TWIM also utilizes refocusing fields to counteract diffusional ion losses, which greatly improves the analytical sensitivity. TWIM is also a temporally dispersive analysis and as with DTIM can obtain a full ion mobility spectrum for each instrument measurement cycle. The primary disadvantage of TWIM is that the measurement accuracy of the ion CCS is low due to the fact that the traveling wave voltages used are difficult to characterize quantitatively [25] . Obtaining accurate CCS measurements on a TWIM device is possible by calibrating against high precision CCS values obtained from DTIM methods [34; 39] .
Both drift time and traveling wave IM methods separate ions by gas-phase mobility, which is intrinsic to a particular ion for a specific gas under low electric field conditions. When the electric field is raised considerably, ion-gas collisions become non-elastic (e.g., reactive or interactive ion-gas collisions) and the ion mobility begins to change. Two ions of different chemical composition may exhibit the same ion mobility at a low electric field but completely different mobilities at sufficiently high field, allowing them to be differentiated in the measurement [40] . An IM technique which exploits this differential mobility behavior at high field is known as asymmetric-field ion mobility spectrometry (FAIMS) and is available as a commercial technology for several MS instrument platforms [41] . As its name implies, FAIMS utilizes an asymmetric voltage waveform comprised of a low-field and high-field component which induces ions to migrate between both field conditions as they are swept through the field by a flowing gas (Figure 1c) . Consequently, FAIMS passes only ions which are stable in the applied waveform, creating an efficient narrow band-pass ion mobility filtering device. A broadband ion mobility spectrum can be generated by scanning the FAIMS device across a voltage range. One main advantage of FAIMS is that it can separate ions which cannot be resolved by drift time or traveling wave IM and FAIMS devices operate with very high sensitivity. Because high-field ion mobility behavior is difficult to characterize, a priori determinations of where specific ion signals will appear on a FAIMS mobility spectrum are difficult to make, and so confident identification of ion species must be made using additional techniques, such as MS and multi-stage tandem MS fragmentation.
Another narrow band-pass IM technique is the differential mobility analyzer (DMA), which is also available as a commercial technology by several vendors [42; 43] . The DMA technique is conceptually similar to FAIMS, with ions traversing between two parallel electrodes in the presence of a gas flow. Unlike FAIMS, however, in a DMA, the applied electric field across the two electrodes is constant and the net ion migration proceeds from one electrode to the other, rather than being fully entrained in the gas flow as in FAIMS. In practice, ions transit the DMA device via two offset slits, one placed in each electrode. Thus, only ions possessing a specific gas-phase mobility will be able to pass from one slit to the other ( Figure 1d ). As with FAIMS, the DMA is a narrow band-pass ion mobility filtering device and a broadband IM spectrum can be obtained by scanning the applied electric field directly. Alternately, a broadband IM spectrum can be obtained by a DMA by using an array detector and monitoring the ion current originating from multiple dispersion paths simultaneously [44] , however, this precludes the use of further post-IM spectrometer stages, as an array detector is a destructive ion detection method. Because the electric field is welldefined, the DMA can obtain high precision measurements of ion CCS [45] and is wellsuited for size-based analyses of large particles in the 10s of nanometer diameter range or larger [46] . Currently, small analytes below ca. 5 nm in diameter are difficult to transmit and analyze with the DMA due to diffusional ion losses and band-broadening. Recent technological improvements in the DMA show promise for extending the usable size range below 5 nm with high sensitivity and resolution [47] .
Ion Mobility-Mass Spectrometry
The stand-alone ion mobility measurement provides valuable information regarding analyte size and shape which can be used for characterization purposes. Ion mobility size information is, however, inherently coarse-grained since the CCS measurement is collisionally-averaged over all possible orientations of the analyte ion as it traverses the IM drift region. Thus, the greatest strength of the ion mobility technique is its ability to rapidly separate analyte signal prior to mass analysis, in the IM-MS configuration. IM as a chemical separator does not exhibit as high of a peak capacity as traditional condensed-phase separation techniques such as liquid or gas chromatography, however, IM separations occur on a timescale that is ca. 4 to 6 orders-of-magnitude faster, yield a peak capacity production rate for IM-MS of 10 6 to 10 8 sec −1 [48] . Tens of thousands of IM separations can occur during a single chromatography run, and contemporary IM technologies can be seamlessly integrated into commercial MS platforms. Because IM disperses chemical signals across another dimension of information (analyte size), IM-MS benefits from enhanced peak capacity and signal-to-noise compared to a conventional single dimension of MS analysis. For example, Ruotolo et al. estimated a 1 to 5-fold increase in peak capacity for IM-MS of tryptic peptides in helium gas as compared with MS analysis alone [49] . Additionally, IM-MS can be combined with condensed phase separations, such as liquid chromatography (LC-IM-MS) to further improve separation selectivity and concentration dynamic range [50; 51] . For example, Clemmer and colleagues utilized LC-ESI-IM-MS in order to enhance the concentration dynamic range of the analysis to greater than 10 6 , whereby much less than 10 5 is typical for MS analysis alone [51; 52] . In addition to IM benefiting the performance of MS analysis as a chemical signal separation strategy, information from the combined IM-MS analysis can be used for data interrogation purposes. The projection of 2-dimensional IM-MS data results in chemical-class specific regions of data which represent the differential scaling of analyte size to mass [53; 54] . By virtue of the relative structural packing efficiency of different biomolecular classes, the average slope of the mobility-mass correlation line on a 2D IM-MS spectrum increases in the approximate order: small molecules< oligonucleotides<carbohydrates< peptides< proteins<lipids. The utility of this class information can be illustrated by considering a conventional MS spectrum of a complex mixture (Figure 2a, top panel) , which corresponds to an overlap of signals representing all analytes in the sample. By isolating specific regions of data, mass spectra which are chemical-class specific can be extracted for further analysis (Figure 2b ). The utility of these molecular class separations have unique implications for the accuracy of lipidomics data in comparison with MS-only data as discussed in Sections 3 and 4. It should be noted here that these molecular class separation trends are complicated when multiplycharged ions are present, as is the case with ESI-based IM-MS methods. Multiply-charged ion distributions tend to overlap with one another in IM-MS conformational space and decrease overall peak capacity since one analyte is represented by several different ion signals in the spectrum. Additional post-acquisition data treatments, such as charge-state deconvolution [55] , can be utilized for ESI-IM-MS data workup to help simplify the data analyses.
Section 3 -Emerging Role of IM-MS for Fundamental Lipid Characterization and Lipidomics from Complex Biological Samples
Only a few reports of lipid studies by IM-MS have been published to date. Here, we highlight several seminal contributions for fundamental lipid studies and lipid analyses directly from complex biological samples. Largely, these lipid studies have arisen from previous DTIM-MS work involving peptides and proteins from the groups of Jarrold [56; 57; 58; 59] , Bowers [60; 61] , Clemmer [62] , and Russell [63] . The studies reviewed in this section detail lipid separations using both DTIM-MS and commercial TWIM-MS instruments.
Section 3.1 IM-MS Separation of Phospholipid Classes
Woods and coworkers have investigated the mobility-mass (drift time and m/z) correlation profiles of signals obtained from phosphatidyl-choline (PC), -ethanolamine (PE), -serine (PS), -inositol (PI), -glycerol (PG), phosphatidic acid (PA) and sphingomyelin (SM) lipid containing standards [64] . Furthermore, they have investigated the effect of the coordination of different alkali metals on the IM profiles of these lipid classes. In all experiments, singly charged lipid ions were generated by matrix-assisted laser desorption ionization (MALDI) from either 2,5-dihydroxybenzoic acid (DHB) or 2,6-dihydroxyacetophenone (DHA), the preferred lipid MALDI matrices in common use today. Several trends emerged from this study including the observation of mobility differences based solely on phospholipid acyl chain degree of unsaturation, type of linkage, and polar headgroup. It appears that there are distinguishable and sometimes baseline resolvable mobility drift time differences between classes of phospholipids, with the IM data following a general gas-phase density trend SM<PC/PE<PS/PG<PA (Figure 3a) . Increasing number of acyl chain double bonds as well as plasmalogen type of fatty acid -glycerol linkage both appear to significantly increase the gas-phase density of glycerophospholipid ions. Additionally, coordination to different alkali metal cations has been found to further enhance the observed mobility separations. In the case of SM, alkali metal adduction shifts the observed IM-MS signals into the higher mass region of the 2D mass mobility spectrum with very little change in the ion mobility, except in the case of Cs + coordination (Figure 3b ). Alkali metal doping and coordination experiments can be utilized to quickly distinguish which lipid signals originate from protonated ions and which signals occur as a result of coordination with cations within the sample itself (i.e., preformed cation complexes).
Section 3.2 Detailed TWIM Analyses of Saturated and Unsaturated Phosphatidylcholines
The effect of the number of double bonds on the mobility of lipid ions was investigated for PC signals obtained on a TWIM-MS instrument using electrospray ionization (ESI) [65] . A single double bond was found to account for a 5% shift in the mobility time deviation from the average mobility-mass correlation line of PC lipids, while each additional double bond appears to further shift the mobility time by ca. 1%. In this investigation, Kim et al. also found that sodium vs. proton cationization and the position of saturated acyl chains (i.e., sn-1 or sn-2) in lipid isomers both appear to have no significant effect on mobility [65] . The authors also performed molecular dynamics modeling of gas-phase lipid ions to establish a more concrete structural understanding of the observed separation of saturated and unsaturated PC ions by ion mobility. The analysis of the computationally generated PC structures appears to support the intuitive hypothesis that the steric restraints imposed by acyl chain double bonds are the key factors which lead to an increased gas-phase packing density of unsaturated PC lipid ions. 
Section 3.3 Multistage IM for IM-MS Lipid Structural Analysis
Clemmer and coworkers detail several unique potential uses of a multistage DTIM-MS instrument whereby the IM spectrometer is divided into three separate IM regions [67] . This novel instrument allows ion activation experiments to be conducted between each IM stage, which has specific implications for probing lipid analyte structure. In one example, ion aggregates (multimers) formed in the ESI process are isolated by one stage of IM, fragmented, then analyzed by a subsequent IM stage, identifying the presence of multimers and yielding structural information regarding the individual monomer units. This experiment has practical utility for MS research in that multiply charged multimers such as a doublycharged dimer can exist isobaric in m/z to a singly-charged monomer, which complicates the interpretation of MS data. IM-MS has been utilized effectively for various studies of protein aggregates [33; 68; 69; 70] , and here its utility is underscored for lipid aggregate analysis. In another example, the multistage IM capabilities were utilized to select and activate specific lipid ion species (Figure 4) , yielding fragmentation assignment of sn-1 and sn-2 fatty acids without the need of lithium ion cationization of the parent lipid which is commonly used in lipid fragmentation studies [71] . The effect of cationization on the observed mobility data was also investigated using the H + , Na + , K + , and NH 4 + cations. As with the study from Woods and coworkers [64] , the findings demonstrate a lack of cationization effect on the ion mobilities of SM lipids. In general, the results confirmed the previously observed gas-phase packing density dependence of lipid IM separations on fatty acid length and degree of unsaturation and demonstrated that ion mobility separation of lipid subclasses follows the general empirical trend in gas-phase size: PE<PC<PG<SM.
Section 3.4 IM-MS for Rapid Biomolecular Separations
As mentioned in Section 2, IM-MS affords fast (μs to ms) two dimensional separation of ions based on their gas-phase density, a property dependent on both structure and mass. In earlier IM-MS bioanalytical work it was demonstrated that combined IM-MS analyses can resolve the mobility-mass correlation domains of the major biomolecular classes based upon a gas-phase size trend of lipid>peptides>carbohydrates>oligonucleotides [54; 72; 73] . For lipids, a diversity of structures was observed, but confident structural assignments were difficult to make due to the lack of information regarding the expected mobilities of different lipid subclasses. Utilization of IM-MS for complex biomolecular separations requires a more thorough characterization of the mobility-mass correlations of the biomolecular classes. In addition, in order to derive structural information from the IM-MS measurement and provide a conceptual framework for theoretically predicting the expected IM separations, an absolute measure of the gas-phase size of various biomolecular ions is desirable. Recent work has moved to answer these questions on multiple fronts, in lipid, carbohydrate, oligonucleotide and peptide IM-MS analyses, in order to build a more complete picture of their respective mobility-mass correlations [32] . The DTIM instrument utilized in this work allows first principles determination of gas-phase ion neutral collision cross-section values. Fenn et al. presented a cross-section database of several lipid, oligonucleotide and carbohydrate standards and compared these measurements to previously published peptide CCS values [74] . An average fit (i.e., mobility-mass correlation line) of the data was generated and used to characterize the IM-MS conformational space for an ensemble of biomolecular classes. Within the same biomolecular family, such as phospholipids, the distribution around the average mobility-mass correlation fit can be thought of as a probability distribution that reflects the amount of phospholipid structure variability. This kind of examination provides a coarse-grained view of IM-MS biomolecular separations ( Figure 5 ). On another level, empirical correlation information can be used to elucidate fine structure trends based on the knowledge of the identities of phospholipid signals, specifically, this manner of analysis can predict the positive or negative deviation of a given phospholipid class about the average lipid correlation ( Figure  6 ).
Section 4 -The Future Outlook of IM-MS Research for Lipidomics
Recently IM-MS measurement strategies have demonstrated great utility in the analysis of highly complex biological samples ranging from serum [51] to intact tissue [24; 75; 76] . The advantages of IM-MS for complex sample analysis are several fold, including (i) simultaneous characterization of all biomolecular species in a sample, (ii) minimizing sample losses and sample preparation artifacts arising from extensive purification procedures, (iii) preserving the biomolecular context, such as that encountered with conjugate species (e.g., biomolecular complexes, glycoproteins, and glycolipids, etc.), and (iv) ability to observe unpredicted biomolecular interdependencies or correlations. Therefore, we envision two significant areas of research for which IM-MS will play an increasing role in the future, namely, simultaneous omics determinations directly from biological samples and high selectivity sample interrogation through imaging IM-MS.
As a post-ionization separation technique, IM-MS is amenable to spectral deconvolution of signals generated directly from complex biological samples (e.g., tissues, cells) and thus provides an opportunity for the simultaneous study of multiple biomolecular classes. As discussed in Section 3.4, the differential scaling of size to mass for structurally different molecules results in class-specific partitioning of ion signals in the 2-dimensional IM-MS analysis (refer to Figure 5 ). Improvements in data dimensionality can be made by coupling IM-MS with other condensed-phase separations, such as liquid or gas chromatography. For example, Clemmer and colleagues have demonstrated the utility of LC-IM-MS for studies of the human plasma proteome whereby 3-D separations provided an enhanced concentration dynamic range (ca. 10 5 to 10 6 ) [51; 52; 77] . Because IM-MS is a combined analytical technique, IM-MS is particularly amendable to tandem spectrometry experiments (i.e., ion fragmentation experiments between spectrometer measurements). For example, in an IM-MS instrument, ion fragmentation can be initiated at the interface (IM/MS), which results in fragmentation of ions which have already been subjected to ion mobility separation. This enables the generation of ion fragmentation data that is simultaneously correlated back to the precursor parent ions, which allows large-scale ion fragmentation experiments on several hundred analytes to be performed in parallel. Such high-throughput strategies are integral in the development of systems approaches to chemical analysis.
For many lipid studies, MALDI is the preferred technique for generating sample ions amendable to MS analysis, particularly those involving direct analysis of biological samples such as tissue and cellular material. One of the challenges of MALDI-based lipid research is the presence of exogenous chemical noise originating from the MALDI matrices and corresponding complexes. The common lipid matrices in use today, DHA and DHB, have a high propensity to form matrix clusters which appear at higher m/z regions and otherwise overlap with ion signals of interest (e.g., lipid ions and their corresponding fragment ions generated from tandem experiments). Recently, IM-MS was utilized by Kliman et al. to separate lipid signals from matrix cluster signals in a relative quantitation study of lipids from a Drosophila eas 2 epilepsy model mutant. By removing the extraneous contribution of matrix cluster signals from the lipid analysis, statistically significant changes in the abundance of several lipid species were observed between mutant and wildtype brain tissue samples [76] .
These and many other recent developments in MALDI for lipid analysis has not only allowed direct detection of lipids from complex biological samples, but has also enabled the spatial distribution of lipids within biological tissue to be characterized through imaging MS [78; 79] . The emerging advances in imaging MS have played a pivotal role in the development of imaging IM-MS for lipid analysis [75; 80; 81] . The analysis of complex samples is challenging due to the large numbers of analytes present which collectively represent a wide dynamic range of concentrations, abundances and chemical properties. For imaging MALDI MS experiments, this challenge is compounded by the consideration that in order to increase experimental throughput, it is desirable to obtain fewer laser shots per image pixel while maintaining the same or similar degree of information as would be obtained in a longer acquisition of data. As discussed previously, IM-MS can significantly improve the limits-of-detection for low abundant species while providing added data dimensionality which is particularly useful for analyzing complex samples where isomeric ion signals are likely present. In Figure 7 , the separation of two nominal mass isomers from a complex sample matrix is demonstrated by using imaging DTIM-MS. For this experiment, the peptide, RPPGFSP, and the lipid, PC 34:2, were deposited onto a thin (12 μm) tissue section of rat liver in two overlapping rectangular areas using a reagent spotter robot ( Figure  7a, left panel) . The peptide and lipid represent nominal mass isomers which are indistinguishable by MS analysis alone, but are readily separated using IM (Figure 7a, right  panel) . Based solely on the IM information, the resulting DTIM-MS image map can be deconvoluted in order to extract images representing only the peptide or the lipid (Figure 7a , bottom panel). In another example, the spatial distribution of a specific cerebroside (24:0 OH) is determined by direct DTIM-MS imaging of a coronal rat brain tissue section (16 μm) . The resulting spatial maps are generated through isolation of the sodiated cerebroside 24:0 OH ion (m/z 850.7) in the 2D DTIM-MS map from the chemical noise present in the sample. The generation of such high quality lipid localization images would be challenging using MS imaging alone, and would normally require selective derivatization strategies in order to shift the ion signal away from the endogenous chemical noise.
The capability to measure accurate CCS values of lipids using IM-MS instruments and the correlation of such values to computationally determined structures as demonstrated by Kim et al. and summarized in section 3.2 will play a significant role in the elucidation of gasphase lipid structural separations. Kim et al. used computational modeling, specifically molecular dynamics (MD), to determine gas-phase separation trends of PC lipids. This approach can be applied to other lipids classes for which reasonable gas-phase parameters are in place. Existing MD modeling packages such as Amber, Accelrys, and Charmm offer sufficiently wide parameter databases to encompass most bonds of glycerophospholipids and sphigolipids, which are currently the focus of IM-MS studies. The processing speed of currently available desktop Linux workstations allows charge parameterization (i.e., determination of charge distribution using ab initio calculations) for entire lipid structures and MD calculation of thousands of conformational isomers of a given lipid ion in less than 48 hours. Despite the fact that molecular dynamics packages do not possess parameters for proton charges, reasonable gas-phase parameters for many free floating cations, including alkali metal and alkali earth metal cations are a standard part of the above-mentioned MD packages. Since lipids are primarily detected from complex samples as cationized species rather than protonated structures, modeling of their gas phase behavior in the presence of a discrete charge carrier, for example sodium and potassium cations, offers the opportunity to elucidate detailed atomic level interactions in a fashion similar to the interactions studied in oligonucleotides by Fenn et al. [82] .
As the performance of IM-MS improves, the applications can be extended towards higher sample complexity and lower limits-of-detection. For example, intriguing studies which combine contemporary IM-MS experiments with molecular dynamics/mechanics computational investigations are emerging to elucidate the structure and stability of lipidincorporated complexes, such as membrane proteins [83] and large (n=54 lipids) micelles [84] . Comprehensive systems analyses on a single biological sample is now nearly feasible, but success in these approaches can only be achieved through continued developments both in the analytical technologies and in the bioinformatics necessary to extract physiologicallyrelevant information from the data. With the introduction of high-end commercial TWIM-MS instrumentation, ion mobility technology is now in the reach of users and its impact over the next few years, particularly in the areas of lipid research, will no doubt be high.
Research Highlights
• A mini-review of the current field of ion mobility-mass spectrometry (IM-MS) analytical approaches to the study of lipids.
• IM-MS impacts lipid research by increasing data dimensionality, improving limits-of-detection and deconvoluting spectral complexity.
• IM-MS has been utilized in lipid research both as an enhanced separation technique and as a structural analysis tool.
• Imaging experiments using IM-MS has been applied to lipid analyses and has potential high impact for the study of very complex biological samples.
• Contemporary examples of IM-MS lipid research are limited, but the future impact of IM-MS is projected to be high. Basic operational principles of contemporary ion mobility techniques. (a) Conventional drift time ion mobility whereby ions are introduced into a gas-filled chamber and separated based upon their differential drift down a continuous declining potential. (b) Traveling wave ion mobility which mobility separates ions in a gas-filled chamber using a dynamic traveling potential hill. (c) Asymmetric field ion mobility whereby ions are separated based upon their differential migration orthogonal to a sweeping gas flow. (d) Differential ion mobility which separates ions based upon their ion mobility-dependent spatial displacement as they traverse an electric field gradient that is applied orthogonal to a constant flow of gas. In all schemes, ion motion is depicted from left to right. . This is analogous to a higher order tandem MS experiment (e.g., MS 3 ) except that a complete IM-MS spectrum is 
